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Abstract 
Halophytic C4 grasses, including Sporobolus species, have developed specific 
mechanisms to cope with salinity stress. Among these, “salt glands” which are bi-
cellular leaf epidermal structures eliminating excess saline ions from shoots by 
excretion under salinity stress. Salt glands are morphologically visible and can 
potentially be used for salt tolerance breeding programs. The objectives of this study 
were: (1) to determine the leaf salt gland excretion rates of United Arab Emirates 
native halophytic chloridoid grass species, S. spicatus and S. arabicus; (2) to determine 
if leaf salt gland excretion rate and density can effectively predict salinity tolerance 
among Sporobolus genotypes, by correlating excretion data of salinity tolerance data 
from another study; and (3) to quantify morphological differences in salt gland 
structure between the most tolerant and the least tolerant genotypes in each species for 
salinity. Forty five grass genotypes were exposed to 15,000 ppm NaCl and measured 
excreted leaf Na+, K+ and Cl- concentrations from mature leaves by using flame 
photometer and Chloride ion selective electrodes. Parameters were expressed as mmol 
ion g -1 leaf fresh weight. week. Selected four genotypes under non-saline conditions 
were compared for salt gland density, salt gland size and morphology via scanning 
electron microscope. Bi-cellular salt glands were observed on both leaf surfaces and 
the glands were protruded, globular and semi-sunken. S. arabicus genotypes had larger 
sized salt glands than S. spicatus genotypes. S. spicatus genotypes had higher leaf salt 
gland ion excretion rates and density than S. arabicus genotypes. Salt gland ion 
excretion rates and density, were positively correlated with salinity tolerance. This 
suggests that ion excretion activity is an important salinity tolerance mechanism and 
gland density is an important potential trait for determining salinity tolerance among 
the two Sporobolus species. Information gained from this study could be used as the 
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basis for future investigations to understand the primary salinity tolerance mechanism 
in Emirati native halophytic grass. 
Keywords: Breeding, chloridoid, excretion, halophytic, salinity, salt gland.  
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 )cibarA ni( tcartsbA dna eltiT
 
 كفاءة افراز الغدد الملحية ومقاومة الملوحة لأعشاب suloboropS
 الملخص 
 مع للتعامل محددة ، طورت آلياتsuloboropS seiceps  ذلك في بما   C 4sessargالمحلية " إن الأعشاب
وهي عباره عن خلايا ثنائية ورقية مسطحة " الملحية الغدد"بـ هذه الآليات، ما يعرف بين ظاهرة الملوحة. ومن
 يمكنو شكليا واضحة الملحية ددالملحية. إن الغ الظروف من الجذور تحت  الزائدة المالحة الشكل تفرز الأيونات
إفراز  معدلات ) تحديد١للمقاومة الملوحة. ومن هنا تتجلى أهداف هذه الدراسة والتي تتضمن ( في تستخدم أن
 إذا ما ) تحديد٢: (ucibara .Sو  sutacips .Sالمتحدة،  العربية في الإمارات المحلية الغدد الملحية في الأنواع
 ، من خلالsuloboropS في الملوحة لتحمل فعال بها بشكل التنبؤ يمكن والكثافتها الملحية الغدة إفراز معدل كان
 حيةالمل الغدة بنية في الشكلية الاختلافات ) تحديد٣أخرى:( دراسة مع مقاومه الملوحة بيانات إفراز مع بيانات ربط
عريض تم ت .النباتات المحلية للملوحةكل صنف من  في الوراثية مقاومة من خلال التراكيب الأكثر والأقل بين
صوديوم كلورليد ومن ثم تم حساب تركيز كل من الأيونات  mpp 000,51خمسة وأربعين تركيب وراثي لـ 
من الأوراق الناضجة باستخدام اللهب المضيء و أقطاب انتقائية لأيون الكلورايد. كما   lC-وaN+K ,+ المفرزة   
لكل وزن ورقة. وتم مقارنة أربعة تركيبات جينية تحت تاثير   m g noi lom-1تم وصف العوامل المختلفة كـ 
 وحظتل الإلكتروني. وقد المجهر عبر والتشكل الملحية الغدة وحجم الغدة الملحية، الملوحة واللاملوحة للكثافة
كانت آكثر في الغدد  sucibara .S الغدد للـ وجحوظ الأوراق سطوح سواء حد على الخلوية ثنائية الملحية الغدد
أعلى نسبة معدل فرز للأيونات.  وقد لوحظ أن  sutacips .S، وفي المقابل كان لدى sutacips .Sالملحية عن 
 هو وناتالأي أن نشاط إفراز إلى يشير هذا .معدلات إفراز الأيونات وكثابتها تتناسب بإيجابيه مع مقاومه الملوحة
 الأنواع من اثنين بين الملوحة تحمل لتحديد هامة محتملة سمة هو الغدة وكثافة الملوحة مهمة لمقاومه آلية
 المستقبل في بحوث أخرى لإجراء كأساس الدراسة هذه من المكتسبة المعلومات استخدام . ويمكنsuloboropS
    .في النباتات المحلية للملوحة في الإمارات العربية المتحدة آليات مقاومه الملوحة فهمتهدف إلى 
 ، إفراز، النباتات الملحية ، الملوحة ، الغدة الملحية.diodirolhc( الإكثار، ( مفاهيم البحث الرئيسية:
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Chapter 1: Introduction 
 
Salinity is an extending environmental issue which compromises the long-term 
sustainability of agriculture (Horie & Schroeder, 2004), particularly in arid and 
semiarid regions. Among these regions, UAE has a sub-tropical climate which 
characterized by low and variable rainfall (<100 mm. year-1), high evaporation rates 
(2-3 m. year-1 especially during summer), and limited renewable water resources 
(Shahin, Abdul, & Salem, 2014).  
In the UAE, agriculture sector is the main consumer of water (60%), followed 
by the domestic and industrial sectors (32%); with the remaining of 8% being wasted 
or lost (Inayatullah & A. Elouafi, 2014). Fresh water shortage issues have become 
more critical with the rapid population growth and expanding agricultural production. 
The UAE has vast brackish (highly saline) groundwater resources (Murad et al., 2007), 
and has been used extensively for agriculture. This has long been overexploited, 
resulting in falling well yields and increasing water salinity in existing aquifers. These 
constraints, exacerbated by depletion of fresh water aquifers and increasing aquifer 
and soil salinity, have rendered many areas incapable of supporting cultivation of 
anything other than a few salt-tolerant crop species (Inayatullah & A. Elouafi, 2014). 
Salinity management is vital to sustain the productivity of irrigated agriculture 
in marginal environments in arid and semi-arid regions. Salt-tolerant (halophytic) 
annual and perennial forage crops can improve livestock productivity in dry saline 
environments. Currently in UAE, exotic fodder species, such as Rhodes grass (Chloris 
gayana) and alfalfa (Medicago sativa) are increasingly being used to overcome the 
shortage of fodder. However, such species consume considerable amount of high 
quality water (fresh or low salinity) for production. Most notably just a single crop - 
   2 
  
 
 
 
Rhodes grass accounts for a 60% of the UAE’s total agricultural water use which was 
estimated at 93 million gallon annually in Abu Dhabi (Initiatives to Ensure 
Sustainability of Water Resources, 2012). 
As Rhodes grass requires large amounts of fresh water, alternative species are 
needed for UAE fodder production. Many of the native species in the Arabian 
Peninsula have great potential for economic exploitation and for their natural 
adaptation to the local environment, they are more appropriate in landscaping and 
habitat restoration programs than exotic species (Inayatullah & A. Elouafi, 2014). 
Native forage species which are salt-tolerant and water-use efficient are sought to 
promote sustainable bio-saline agricultural production in the UAE. Development of 
such native halophytes would allow salt water irrigation, and thereby freeing up large 
amounts of limited fresh water resources for domestic use, instead of agricultural use. 
A number of Sporobolus R. Br. (Poaceae) species are salt tolerant, and being 
indigenous to saline habitats. S. spicatus and S. arabicus are native to the Arabian gulf 
region, typically found growing in coastal sabhkas, with soil salinities up to 100 dS. 
m-1 (twice that of sea water). The study by Peacock et al. (2003) evaluated Arabian 
native species for forage and listed about 12 native grasses as priority species which 
are having potentially good palatability and digestibility. Sporoblous genera was one 
among other generas; Cenchrus, Coelachyrum, Dichanthium, Lasiurus, Ochtochloa, 
Panicum and Stipagrostis. Higher biomass yields were obtained with salt-tolerant 
crops like Sporobolus (29 t. ha-1) at 20 dS. m-1 (Bennett, Barrett-Lennard, & Colmer, 
2009; ICBA, 2008). In this study, S. spicatus and S. arabicus were used in order to 
consider factors related to animal productivity and fodder production in the UAE 
agriculture. In addition, Rhodes grass (Chloris gayana) was used as standard for the 
comparison of Sporobolus spp. as it requires high quality water for the production. 
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Although there is an increasing need for improved salt-tolerant fodder grass 
cultivars, development progress of such grass cultivars has been limited as need to 
select among hundreds (or thousands) of progeny to come up with an improved 
cultivar due to the complicated, multi-gene aspect of salinity tolerance (Bartels & 
Sunkar, 2005). Since more than one mechanism is operating in salt tolerant plants 
against salinity, it is important to study the mechanism operating at each level in full 
detail to develop salt tolerant plants or for the plant improvement against salt stress. 
Accurately screening large number of progenies for breeding selections for salt 
tolerance is difficult, time consuming and expensive. Therefore, accurate and efficient 
salt-tolerance screening tools are needed to expedite fodder cultivar development. To 
date, little progress has been made in breeding for improved salinity tolerance in 
cultivated grasses. Although a number of studies have examined the physiology of turf 
grass salinity tolerance, little is known about the salinity tolerance mechanisms in 
many important C4 forages belongs to the subfamily Chloridoideae. Understanding 
the mechanisms of salt tolerance, may provide morphological or physiological 
(biological) “markers” or “indicators” suitable for use as selection tools in salt 
tolerance breeding efforts (Marcum et al.,  2003; Ashraf & Harris, 2004). 
A number of salinity-adapted species have salt glands or bladders which 
eliminate excess saline ions from shoots by excretion (Amarasinghe & Watson, 1989). 
Saline ion (Cl- and Na+) exclusion from shoots has been associated with salinity 
tolerance of grasses at the genera level (Marcum, 1999), species level (Marcum et al., 
1998), and cultivar level  (Marcum & Pessarakli, 2006). All halophytic C4 grasses, 
including Sporobolus spp. and Chloris gayana, belong to the subfamily Chloridoideae 
have leaf epidermal salt glands (Marcum, 2008). Salinity tolerance within the 
Chloridoideae is linked to shoot saline ion exclusion (Marcum, 2008), mediated by salt 
   4 
  
 
 
 
gland activity and ion compartmentation coupled with accumulation of compatible 
solutes such as glycinebetaine (Marcum, 1999; 2006). This mechanism is a major 
physiological process associated with salt tolerance (Wu & Lin, 1994; Marcum, 2002). 
The salt glands in the Poaceae are generally bi-celled with a cap cell and a sub-
tending basal cell. Though the basic, bi-cellular structure is the same in all Chloridoid 
species, their appearance varies (Liphschitz & Waisel, 1982). Unlike internal 
physiological plant markers, salt glands are externally visible and morphological. Salt 
gland density (i.e., salt gland number per unit leaf area) represents a simple 
morphological trait which can be used as a selection tool in breeding for salt tolerance 
among grasses within the Chloridoideae (Marcum et al., 2003). This will be a rapid 
method to expedite salinity tolerance screening of the large number of accessions. 
The objectives of this study were to, 
 Determine the leaf salt gland excretion rates of UAE native halophytic chloridoid 
grass species, including Sporobolus spicatus (Vahl) Kunth (33 genotypes) and 
Sporobolus arabicus Boiss (11 genotypes), vs Chloris gayana Kunth as a standard. 
 Determine if leaf salt gland excretion rate and salt gland density or morphology 
can effectively predict salinity tolerance among Sporobolus genotypes, by 
correlating excretion data with salinity tolerance data from another study (Marcum 
et al., unpublished).  
 Quantify morphological differences in salt gland structure between the most 
tolerant and the least tolerant genotypes for the salinity in S. spicatus and S. 
arabicus. 
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Chapter 2: Literature Review 
2.1 Soil Salinity 
Soil salinity is an ever-increasing problem worldwide which is among the 
major abiotic stresses that limits crop productivity worldwide (Hu et al., 2005) since 
most crops are sensitive to soil salinization (Munns, 2002). Today, about 20% of the 
world’s arable land is saline, and forecasts estimate that every year will lose 1.5 million 
hectares of agricultural land to salinity (Inayatullah & A. Elouafi, 2014). Much of this 
saline land is currently, or has the potential to be utilized for growing salt tolerant, or 
halophytic forage species (Ghassemi et al.,  1995). 
Most of the worldwide salt affected lands are the result of natural causes, from:  
 Accumulation of salts over long time period, which occurs mainly in arid and 
semiarid regions (Rengasamy, 2002). 
 Weathering of the rocks that releases soluble salts, which is mainly in the form 
of sodium chloride and calcium chloride (Szabolcs, 1989). 
 Salt accumulation due to the deposition of salts from oceans by wind or rain 
(Munns & Tester, 2008).  
Man–made saline soils are mostly found in arid and semi-arid regions as a 
result of over-irrigated agriculture, and hence in the rise of water tables. This is the 
main factor of increasing salinity in agricultural lands (Munns et al., 2002). Climate 
change is exacerbating this problem as droughts in this regions increase in severity and 
duration. In many places, this has resulted in the use of low-quality water for irrigation 
coupled with inappropriate cropping systems and farm management practices which 
pose a serious threat to the health of arable lands (Inayatullah & A. Elouafi, 2014). 
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2.2 Soil Salinity and Fresh Water Shortages in UAE 
The Arabian Peninsula, which comprises the seven countries of Bahrain, 
Kuwait, Oman, Qatar, Saudi Arabia, the UAE and Yemen, is one of the major arid 
regions of the world with a sub-tropical climate. Over the last decades, fresh water 
shortages have become critical in the UAE. The main driving forces have been 
population growth, rapidly expanding agricultural production, economic development, 
and the social changes including changes of life styles have increased the demand for 
water for irrigation, human consumption or industrial processes. The increase in water 
demand will put a strain in the already scarce natural resources of the country (The 
water resources management strategy for the emirate of AbuDhabi 2014-2018). In 
2012, the demand for water in Abu Dhabi Emirate was 3,415.93 million m3. year-1 and 
it was served by groundwater (65%), desalinated water (31%) and recycled water (4%) 
(Eddin, 2014). The average per capita consumption of fresh water in the country is 
among the highest in the world, reaching up to 500 liters.day-1 (Initiatives to Ensure 
Sustainability of Water Resources, 2012). 
Abu Dhabi’s total groundwater reserves are 639,750 million m3. Among this, 
79% is highly saline to be used and 3% is freshwater that is protected as part of an 
emergency strategic reserve. The rest of 18% is brackish and usable for agriculture and 
other uses. Moreover only 5% of the total annual groundwater use is renewable. The 
groundwater extraction is exceeding 23 times the natural groundwater recharge rate. 
As a result of this, the levels of water in some areas are dropping between 1.5 to over 
5 m. year-1. In Abu Dhabi, groundwater is a non-renewable resource. At the current 
rates of extraction, it is estimated that the usable groundwater (fresh and brackish 
water) will last for just over 50 years (Eddin, 2014). 
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2.3 Plant Salt Tolerance Mechanisms and Halophytes 
2.3.1 Salt Tolerance 
Salt tolerance is a complex phenomenon involving a variety of mechanisms 
and can be defined as the ability of the plants to complete their growth cycle with an 
acceptable growth and yield, in a salt concentration of at least 200 mM NaCl under 
conditions similar to those that might be encountered in the natural environment 
(Flowers et al., 1986; Colmer & Flowers, 2008). A large number of plants are found 
to grow on saline areas but tolerance varies greatly not only among species but also 
within species (Hameed et al., 2010). Plant tolerance to salinity is ranging from 
glycophytes (sensitive to salt) to halophytes (tolerance to high concentrations of salt). 
It has long been accepted that osmotic stress, ion toxicity, and nutrient uptake 
and translocation are the three major causes affecting the plant growth and productivity 
under salinity. These factors resulted in disturbance of ionic balances such as K+ and 
Ca2+. Furthermore, physiological drought may play a crucial role, which restricts the 
water uptake by plants. On contrary, excess salt uptake by plants interrupts the cellular 
functions and this cause to damage vital physiological processes such as 
photosynthesis and respiration (Bernstein & Hayward, 1958; Greenway et al.,  1966; 
Marschner, 1995).  
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2.3.2 Salt Tolerance Mechanisms 
Plants generally use two mechanisms to tolerate high salt concentrations which 
are vital for preventing toxic ions to accumulate or causing damage to the plant tissues;  
 Avoidance: keep the salts away from the metabolically active tissues (Munns 
& Tester, 2008) through passive exclusion of ions (by a permeable membrane), 
active expelling of ions (by ion pumps), or by dilution of ions in plant tissues 
(Allen et al.,  1994). 
 Compartmentalization of accumulated salts in the vacuoles of plant cells 
(Munns, 2002). 
According to the summary by Hameed et al. (2010), the salt tolerance of plants 
may involve:  
 Restricted or controlled uptake of salts.  
 Tissue tolerance. 
 Accumulation of salt in inert areas (vacuoles).  
 Ion discrimination (e.g., uptake and translocation of ions like K+, Na+, Cl− and 
SO4
2−).  
 Production of low molecular weight protective osmolytes like enzymes, 
hormones, antioxidants, etc. (Munns & Tester, 2008). 
Halophytic plants can minimize the detrimental effects of salts by modifying 
morphological, anatomical, physiological and biochemical mechanisms of salt 
tolerance (Hameed et al.,  2009) and allowing them to tolerate saline condition of the 
medium.  
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2.4 Halophytes 
Salt tolerating plants, salt loving plants or halophytes represent only 2% of 
terrestrial plant species but they represent a wide diversity of plant forms (Glenn et al., 
1999). Aronson & Whitehead (1989) reported that the largest number of halophytes is 
included in Chenopodiaceae and consists of about 550 halophyte species. The other 
families that include halophytes are Poaceae, Fabeaceae and Asteraceae; however less 
than 5% of the species in these families are halophytes.  
Crops grown in the areas that are affected by salinity or at risk of salinization; 
therefore increased salt tolerance is needed in such crops (Munns et al., 2002). 
Naturally adapted salt-tolerant plants provide excellent material for investigating the 
mechanisms of adaptations as they used to tolerate high concentrations of salt (Flowers 
& Colmer, 2008; Hameed et al., 2009). Plant adaptations to salt tolerance have been 
evaluated in several grass populations from quite diverse habitats such as estuaries and 
coastal areas, marine and fresh water salt marshes, and dry land salinities, i.e., 
Sporobolus virginicus (Naidoo & Mundree, 1993), Cynodon dactylon (Hameed & 
Ashraf, 2008), Spartina patens (Ashour et al., 1997), Urochondra setulosa (Gulzar et 
al., 2003), Ochthochloa compressa and Aeluropus lagopoides (Naz et al., 2009), and 
Imperata cylindrica (Hameed et al., 2009).  
Halophytic species can adopt multiple strategies to survive under high 
salinities by controlling the levels of ions in their shoots or particularly in leaves 
(Hameed et al., 2010). The mechanisms involved are restricting or excluding the ion 
uptake at root level, and hence minimizing the translocation of salts to the shoot 
(Flowers & Colmer, 2008). Furthermore, there are some mechanisms such as increased 
leaf resistance (by fewer stomata, increased cuticle and epidermis thickness, and 
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mesophyll resistance) that could prevent turgor loss from leaf and root surface, thus 
better water efficiency in plants. These mechanisms may be responsible for variations 
in the salt tolerance within plant genotypes or species (Hameed et al., 2010). In 
addition, extensive root system and the presence of salt secreting leaf structures like 
salt glands may prove vital in plants (Marcum et al., 1998; Naz et al., 2009).  
2.5 Salt Excretion 
Salt secretion or excretion is one of the common ways of salt avoidance 
(Waisel et al., 1986) in the salt-tolerance mechanisms which regulating ion balance in 
the leaf tissues (Naidoo & Naidoo, 1998). Osmotic adjustment is essential in 
halophytes. It lowers water potentials of their tissues by utilizing saline ions in the 
medium. An important strategy for growth and survival under harsh environments is 
accumulation of toxic ions in large quantities in leaves, while avoiding their toxic 
effects (Greenway & Munns, 1980). Balancing of growth and ion accumulation is the 
major phenomenon of salt tolerance in some species, while in others excess of toxic 
ions is secreted via secretory structures like salt glands and microhairs (Flowers & 
Yeo, 1986). The water evaporated through these structures and salt remains on leaf 
surface in the form of crystals, these crystals are blown away through wind or by rain 
(Liphschitz & Waisel, 1974).   
Salt glands are divided into three types on the basis of their structure: the 
bladder cells of the Chenopodiaceae, the multicellular glands of dicotyledonous 
families, and the bi-cellular glands of the Poaceae (Takao, 2014). The bladder cell 
accumulates salts in its vacuole and eventually the cell ruptures to release the salts to 
outside of the leaf surface (Fahn, 1988). In dicotyledonous species, the multicellular 
glands are consisting of basal and secretory cells. The number of cells may vary from 
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6 up to 40 in different genera (Marcum, 2008) and excretes salts directly through pores 
in the surface cuticle.  
In Spartina spp. shoot mineral content is regulated by the ionic secretion 
through specialized salt glands. Salts are also released by the leaf surface through 
cuticle or in guttation fluid; but they also become concentrated in salt hairs (Stenlid, 
1958). Salt secretory trichomes, characteristic of Atriplex spp., are bladder-like hairs 
projecting out of leaf surface (Hameed et al., 2010).  
2.6 Bi-cellular Salt Glands  
Marcum (2008) described that within the Poaceae, bi-cellular epidermal salt 
glands have been reported to occur in over 30 species within the tribes Chlorideae, 
Eragrosteae, Aeluropodeae, and Pappophoreae (Liphschitz & Waisel, 1974; Taleisnik 
& Anton, 1988; Amarasinghe & Watson, 1989) members of the subfamily 
Chloridoideae (Gould & Shaw, 1983) where functioning salt glands have been found 
(Amarasinghe & Watson, 1988; 1989). Salt glands in the Poaceae, are structurally 
distinct from the multicellular glands of dicots, consist of a basal cell, attached, or 
imbedded into the leaf epidermis, and a cap cell (Figure 1:B). The basal cell is assumed 
to be the salt collecting cell, and the cap cell is assumed to be the salt excreting cell 
(Liphschitz & Waisel, 1974). The glands are characterized by cutinized cell walls, and 
are often surrounded by papillae. Though the basic, bi-cellular structure is the same in 
all Chloridoid species, their appearance varies (Liphschitz & Waisel, 1982).  
Marcum (2008) also described the morphology in some species, glands are 
sunken into the epidermis, with the basal cell totally imbedded, ex. Distichlis., semi-
imbedded, ex. Cynodon, extend out from the epidermis (Liphschitz & Waisel, 1974; 
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Marcum & Murdoch, 1994), with the gland lying recumbent to the leaf surface, ex. 
Bouteloua or lie in bands or ridges (Marcum et al., 1998) (Figure 1). 
Salt glands of Poaceae are quite small (usually 25-70 μm in length), though 
size may vary substantially, from imbedded to elongated, protruding types. Glands 
range in size from 15 μm in length in Distichlis, 35 μm in Zoysia (Marcum, 2008), to 
70 μm in Buchlon (Marcum, 1999). Moreover, salt glands have been found on both 
abaxial and adaxial leaf surfaces of excreting species (Liphschitz & Waisel, 1974; 
Marcum & Murdoch, 1992; Marcum, 1999). Glands are longitudinally arranged in 
parallel rows in intercostal regions of leaves, adjacent to rows of stomata (Marcum, 
2008). 
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Figure 1: Scanning electron micrographs of adaxial leaf surfaces.  
A: Overview of Zoysia (Zoysia matrella (L.) Merr.) leaf surface B: salt gland of 
Bouteloua curtipendula; C: salt gland of Buchlon dactyloides; D: salt gland of 
Sporobolus cryptandrus; E: salt gland of Sporobolus airoides; F: salt gland of Zoysia 
japonica; G: salt gland of Cynodon dactylon; H: salt gland of Distichlis spicata 
(Marcum, 2008). 
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2.7 Halophytic Species for Fodder Production 
There have been recent advances in selecting species for fodder production 
with high biomass and protein levels, and the ability to survive a wide range of 
environmental conditions including salinity. Several reports stated that many plant 
species growing on saline lands can produce high to moderate consumable biomass 
(Le Houérou, 1994; El Shaer, 1999; El Shaer et al., 2005). Halophytic grasses, such as 
Sporobolus virginicus, Distichlis spicata, Paspalum and Kallar grass (Leptochloa 
fusca) have shown excellent growth performances under different salinity treatments 
(Bennett, Barrett-Lennard, & Colmer, 2009). In addition, several studies have shown 
that numerous halophytes and other salt-tolerant plant species can be used as fodder 
crops under saline conditions which can constitute a major part of the feeding program 
of sheep, goats, camels and some wildlife animals in the arid and semi-arid regions 
(Squires & Ayoub, 1994; El Shaer, 1997). However, these species should evaluate in 
terms of forage quality characteristics such as high palatability, digestibility and good 
nutritional value (high protein and lesser fiber, ash and oxalate contents), prior to 
introduce into feeding programs. 
2.8 Sporobolus Species 
Sporobolus R. Br. (Poaceae, Chloridoideae and Zoysieae) is a cosmopolitan 
genus of about 150 species that grow in tropical, subtropical, and warm-temperate 
regions throughout the world (Watson & Dallwitz, 1992; Grasses, 2000; Peterson et 
al., 2001). Many species of this genus are halophytes (Liphschitz & Waisel, 1974), 
since its many species are known to inhabit saline habitats, and they show considerable 
tolerance to high salinity. Examples include Sporobolus airoides (Torr.) Torr. (Butler 
et al., 1974; Zhang et al., 2012), S. spicatus (Vahl) Kunth (Ramadan, 2001), S. 
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arabicus (Khan & Ungar, 2001; Gulzar et al., 2005; Hameed et al., 2013), S. virginicus 
(L.) Kunth (Bell & O'Leary, 2003), and Sporobolus elongates (Amarasinghe & 
Watson, 1988). Most of them are used as forage resources, in re-vegetation plans, or 
as models for studies of salinity tolerance (Wood & Gaff, 1989; Joshi et al., 2005; 
Khan & Gul, 2006 ). 
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Chapter 3: Materials and Methods 
3.1 Plant Materials 
45 UAE native grass genotypes were collected  from all known areas of 
distribution and focusing on extreme areas known to have high salinity such as sabhkas 
and coastal tidal areas (Marcum et al., unpublished). These genotypes included S. 
spicatus (33 genotypes), S. arabicus (11 genotypes) (Figure 2) and Chloris gayana (1 
genotype).  
  
Figure 2: Sporobolus species grown in saline sabhkas of UAE.  
A: Sporobolus spicatus; B: Sporobolus arabicus (Marcum et al., unpublished). 
 
S. spicatus genotypes used in this study were,  
SS-01 SS-03 SS-04 SS-05 SS-06 SS-07 SS-08 
SS-09 SS-10 SS-12 SS-13 SS-14 SS-15 SS-17 
SS-18 SS-19 SS-20 SS-21 SS-22 SS-23 SS-24 
SS-25 SS-26 SS-27 SS-28 SS-30 SS-31 SS-32 
SS-33 SS-34 SS-35 SS-36 SS-39   
  
whereas, S. arabicus genotypes used in this study were, 
SA-01 SA-02 SA-03 SA-04 SA-05 SA-06 
SA-07 SA-08 SA-09 SA-10 SA-26  
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3.2 Method 
 
3.2.1 Experiment Location 
The experiment was conducted at Abu Dhabi Food Control Authority 
(ADFCA) Research station, Al Salamat, in 2014. Ion analysis and scanning electron 
microscopic (SEM) observations were done in United Arab Emirates University 
(UAEU) laboratories during 2015-2016. 
3.2.2 Experimental Procedure 
3.2.2.1 Plants Establishment 
Grasses were vegetatively propagated by placing rhizome in pots filled with sand-peat-
perlite media and a bottom granule layer. Grasses were grown in an environmentally 
controlled greenhouse for 2 months (Figure 3). Prior to initiation of salinity treatments, 
shoots were clipped to a height of 10 cm in S. spicatus and 15 cm in S. arabicus and 
Chloris gayana. 
 
A: Chloris gayana; B: Sporobolus spicatus; C: Sporobolus arabicus.  
 
 
Figure 3: Sporobolus species and Chloris gayana growing in the greenhouse 
experiment. 
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3.2.2.2 Salinity Treatments 
Experiment was conducted in an environmentally controlled greenhouse to minimize 
environmental interactions and grass pots were arranged with three replications. Each 
block was comprised with 33 genotypes of S. spicatus, 11 genotypes of S. arabicus 
and one genotype of Chloris gayana. A cycling drip irrigation system was used for 
NaCl solution application. For the treatment, salinity was gradually raised to 15,000 
ppm (23.5 dS. m-1) NaCl over a one week period by adding 2,100 ppm daily. Pots were 
irrigated two times per day with sufficient saline solution to maintain soil salinity 
levels within pots to within 10% of water salinity levels. Saline solution was monitored 
daily for salinity level using a conductivity meter. Leachate samples were collected 
randomly after one hour of applying the saline solution to check salinity level of the 
leachate. 
Upon reaching 15,000 ppm salinity, grass shoots (leaf area) were thoroughly 
rinsed to remove all excreted salt. Grasses were then held at 15,000 ppm salinity for 
one week (Figure 4), at which time salt gland excretion rates were measured. 
          
         Figure 4: Grasses at 15,000 ppm salinity treatment level. 
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3.2.2.3 Salt Gland Excretion Rates and Ion Analysis 
Three mature leaves per pot (9 per genotype) were carefully excised and placed 
in scintillation vials containing 7 ml distilled water, sealed, and shaken for 5 s which 
was sufficient to dissolve all external secreted salt crystals (Marcum, 1999). Leaves 
were then removed, weighed, dried at 60 0C for 3 days, and weighed. Vials were 
resealed and refrigerated, subsequently analysed for Na+, K+ and Cl- ions.  
Salt gland excretion rates were determined by measuring excreted salt from 
mature leaves, on the basis of leaf mass. Na+, K+ ion concentration were measured by 
using flame photometer and Cl- ion concentration was measured by Chroride ion 
selective electrodes. Parameters were expressed as mmol Na+. g -1 leaf FW. week, 
mmol K+. g-1 leaf FW. week and mmol Cl-. g-1 leaf FW.  week.  
3.2.2.4 Scanning Electron Microscopic Observation 
The most tolerant and the least tolerant genotype of each species (S. spicatus 
and S. arabicus) for salinity were selected according to a ranked data of percentage 
green canopy leaf area (GC) obtained at 15,000 ppm salinity level from a study by 
Marcum et al. (unpublished). SS 35 and SA 4 were the tolerant while SS 5 and SA 7 
were the least tolerant genotypes which used to compare the leaf salt gland size and 
leaf morphological structure by scanning electron microscope. 
Five mature leaves per genotype were sampled (under non-saline conditions), 
with five SEM observations made per sample (25 observations total per genotype). 
Salt gland numbers were counted per mm2 leaf surface area. Salt gland density was 
expressed as number of glands. mm-2 leaf surface area. 
To observe samples, approximately 15 mm (3 mm x 5 mm) leaf segments were 
excised from the middle portion of the mature leaf blades of plants grown in non-saline 
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soil (untreated plants) and washed in distilled water; then were fixed in Karnovsky’s 
fixative at pH 7.2 in vials. The segments were washed in 0.1M phosphate buffer (pH 
7.2), then added buffered 1% Osmium tetroxide. After that washed the samples in 
distilled water and dehydrated in a graded ethanol series (30, 50, 70, 80, 90, 95, and 
100%). Then the samples were critical point dried and coated with gold/palladium 
using a sputter coater after being mounted on a stub with adhesive carbon tape. The 
samples were then observed with a scanning electron microscope (XL 30 ESEM, 
Philips) at an accelerating voltage of 20 kV. 
3.2.2.5 Predicting Salinity Tolerance among Sporobolus spp. 
Salt gland excretion rates and salt gland density were correlated with salinity 
tolerance data (shoot fresh and dry weight, and GC) (Marcum et al., unpublished) to 
determine if these parameters can effectively predict salinity tolerance among 
Sporobolus spp.  
The study by Marcum et al. (unpublished) evaluated same grass species and 
genotypes which were used in the present study for salinity tolerance. In their study, 
grasses were visually rated for percentage green canopy leaf area in response to salinity 
stress at 15,000 ppm, according to a scale as follows: 80-100: Very good (salt tolerant 
plants); 60-80: Good; 50-60: Moderate; 40-30: Poor; 30-20: Very poor; 0: Completely 
dead (completely susceptible plants). Also obtained fresh weight and dry weight of 
shoot (shoot yield) at 15,000 ppm salinity.  
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3.2.2.6 Statistical Analysis 
The data were statistically analyzed by analysis of variance with mean 
separation by using IBM SPSS Statistics 20, at a significance level of P<0.05. Tukey’s 
test was performed for all pairwise mean comparisons of the treatment groups. Pearson 
product moment correlation coefficients were used to compare variables. 
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Chapter 4: Results 
4.1 Salt Excretion 
Both Sporobolus species and Chloris gayana, secreted salt, as shown by an 
accumulation of salt crystals on both adaxial and abaxial leaf surfaces of plants treated 
with 15,000 ppm of NaCl saline solution for a week. However with comparison to 
abaxial surface, more salt crystals were accumulated on the adaxial surface of 
Sporobolus spiecies genotypes. At the beginning of saline treatment, leaf surfaces 
become wetter with excreted droplets and then changed into salt crystals by 
evaporation of water (Figure 5).  
 
Figure 5: Salt crystals on Sporobolus spicatus treated with 15,000 ppm. 
(A) Small salt crystals on the leaf surfaces (B) A photomicrograph of a leaf surface.  
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4.2 Leaf Salt Gland Ion Excretion Rates 
Leaf SG excretion of Sporobolus genotypes exposed to 15,000 ppm salinity 
ranged from 16.22 to 75.31, 62.14 to 200.87, 1.27 to 3.9 mmol. g -1 leaf FW. week for 
Cl-, Na+ and K+, respectively (Table 1). In Chloris gayana, excretion rates were 16.58, 
72.06, 2.56 mmol. g-1 leaf FW. week for Cl-, Na+ and K+, respectively. Leaf salt glands 
were secreted K+ too. However, not to the same extent as Na+ and Cl- which were 
relatively very low. Selective saline ion excretion by salt glands was evident in that 
huge Na+ and Cl- excretion rates, on average 62 and 167 times respectively, greater 
than K+ excretion rates.  
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Table 1:  Leaf salt gland Cl- , Na+ and K+ excretion rates of Sporobolus spp. and  
Chloris gayana. 
Values were measured in mmol. g -1 leaf FW. week and shown the means ± SE  
(n = 3). 
 
  Salt gland excretion rate 
Genotype  Cl-    Na+   K+   
SS-01 54.19 ± 2.67 123.62 ± 7.29 2.98 ± 0.48 
SS-03 55.38 ± 4.24 167.44 ± 7.92 3.18 ± 0.34 
SS-04 73.10 ± 6.05 183.00 ± 14.37 3.05 ± 0.36 
SS-05 61.80 ± 7.17 143.44 ± 14.36 3.48 ± 0.72 
SS-06 48.76 ± 2.35 126.99 ± 14.57 3.69 ± 0.60 
SS-07 62.69 ± 5.83 165.17 ± 15.53 2.82 ± 0.74 
SS-08 65.48 ± 9.12 173.56 ± 20.87 3.90 ± 0.99 
SS-09 41.55 ± 1.75 148.41 ± 5.73 2.63 ± 0.11 
SS-10 41.89 ± 5.19 147.06 ± 20.19 3.63 ± 0.43 
SS-12 29.48 ± 4.43 108.52 ± 19.45 2.06 ± 0.44 
SS-13 32.44 ± 6.25 130.41 ± 11.21 3.22 ± 0.35 
SS-14 36.05 ± 3.29 162.79 ± 4.84 2.49 ± 0.09 
SS-15 38.31 ± 3.62 153.68 ± 11.56 2.50 ± 0.08 
SS-17 48.47 ± 2.85 149.58 ± 14.77 2.20 ± 0.35 
SS-18 59.41 ± 8.04 152.07 ± 25.61 2.84 ± 0.66 
SS-19 45.49 ± 3.40 181.84 ± 15.28 3.20 ± 0.44 
SS-20 39.73 ± 3.23 105.00 ± 8.52 2.92 ± 0.60 
SS-21 60.10 ± 4.88 157.34 ± 8.06 2.72 ± 0.42 
SS-22 75.31 ± 9.15 153.15 ± 13.56 3.09 ± 0.06 
SS-23 49.48 ± 4.39 154.44 ± 17.13 3.62 ± 0.88 
SS-24 53.23 ± 4.96 200.87 ± 9.31 3.05 ± 0.27 
SS-25 26.26 ± 3.10 116.31 ± 22.12 2.50 ± 0.65 
SS-26 49.31 ± 5.30 147.76 ± 11.69 2.02 ± 0.13 
SS-27 42.38 ± 3.28 157.08 ± 13.92 2.32 ± 0.12 
SS-28 43.09 ± 8.89 141.63 ± 22.65 2.94 ± 0.47 
SS-30 50.10 ± 8.22 149.43 ± 19.10 2.58 ± 0.22 
SS-31 46.50 ± 4.44 152.92 ± 5.22 2.74 ± 0.39 
SS-32 66.47 ± 21.33 174.76 ± 36.13 2.23 ± 0.57 
SS-33 37.67 ± 3.93 128.61 ± 8.44 1.88 ± 0.25 
SS-34 44.65 ± 10.68 140.55 ± 23.38 2.15 ± 0.54 
SS-35 52.97 ± 12.09 161.89 ± 31.75 3.75 ± 1.13 
SS-36 47.83 ± 7.30 140.26 ± 12.40 2.74 ± 0.49 
SS-39 51.73 ± 5.23 155.22 ± 12.40 2.25 ± 0.12 
SA-01 44.73 ± 1.80 137.36 ± 4.27 1.33 ± 0.02 
SA-02 37.63 ± 8.09 84.31 ± 11.13 1.28 ± 0.30 
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SA-03 29.08 ± 9.86 101.47 ± 26.03 1.27 ± 0.23 
SA-04 21.06 ± 3.75 104.47 ± 8.52 1.44 ± 0.18 
SA-05 20.03 ± 6.51 95.44 ± 16.28 2.23 ± 0.46 
SA-06 16.22 ± 4.58 87.26 ± 20.99 1.61 ± 0.50 
SA-07 27.17 ± 7.35 130.40 ± 27.83 2.54 ± 0.64 
SA-08 21.81 ± 5.64 86.62 ± 14.47 2.17 ± 0.77 
SA-09 16.22 ± 3.26 62.14 ± 11.19 1.82 ± 0.63 
SA-10 28.19 ± 4.24 111.34 ± 29.43 1.71 ± 0.44 
SA-26 30.26 ± 6.78 123.53 ± 31.53 3.25 ± 1.29 
CG 16.58 ± 3.83 72.06 ± 23.57 2.56 ± 1.11 
 
 
 
Salt gland excretion rates for Cl-, Na+ and K+ were significantly different 
among genotypes. Lower leaf SG excretion rates for Cl- were recorded for SS 25 
(26.26), SA 6 SA 9 (16.22) while higher rates were for SS 22 (75.31) SA 1 (44.73). 
CG = 16.58 mmol Cl- . g-1 leaf FW. week.  
Lower leaf SG excretion rates for Na+ were recorded for SS 20 (105), SA 9 
(62.14) while higher rates for SS 24 (200.87) SA 1 (137.36). CG = 72.06 mmol Na+. 
g -1 leaf FW. week. Lower leaf SG excretion rates for K+ were recorded for SS 33 
(1.88), SA 3 (1.27) while higher rates were for SS 8 (3.9) SA 26 (3.25). CG = 2.56 
mmol K+ . g-1 leaf FW. week (Figure 6 and 7). 
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Figure 6: Leaf salt gland Cl- , Na+ and K+ excretion rates of Sporobolus spicatus 
genotypes exposed to 15,000 ppm. 
Excretion rates for A: genotypes SS 1 to SS 13; B: genotypes SS 14 to SS 25; C: 
genotypes SS 26 to SS 39. 
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Figure 7: Leaf salt gland Cl- , Na+ and K+ excretion rates of Sporobolus arabicus 
genotypes and Chloris gayana exposed to 15,000 ppm. 
  
The results for salinity tolerance ranking based on both salt gland Na+ and Cl- 
excretion rates (overall ranking) showed in table 2. Overall, excretion rates of both 
Na+ and Cl- were higher in S. spicatus genotypes than S. arabicus genotypes. Among 
the studied genotypes of Sporobolus spp. and Chloris gayana, the SS 4 and SS 24 were 
superior and the most tolerant to salinity stress, and the SA 9 and CG were the least 
tolerant.  
Among S. spicatus genotypes, the highest excretion rates were recorded for SS 
4 and SS 24, followed by SS 32, 8, 22, 7, 19, 3, 21, 35, 18, 39, 5; while the lowest were 
SS 12  and SS 25, followed by SS 20, 13, 33, 6, 1, 28, 34, 36. Furthermore, among S. 
arabicus genotypes, the highest excretion rates were recorded for SA 1 and SA 7, 
followed by SA 26, 10, 3, 4; while the lowest were SA 9 and SA 6, followed by SA 8, 
5, 2. 
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Table 2: Salinity tolerance ranking of Sporobolus spp. and Chloris gayana based on 
salt gland Cl- and Na+ excretion rates, and overall ranking. 
Tolerance 
ranking 
Salt gland Cl- 
excretion rate 
Salt gland Na+ 
excretion rate 
Based on  
overall 
High SS-22 SS-24 SS-04 
 
SS-04 SS-04 SS-24 
 SS-32 SS-19 SS-32 
 SS-08 SS-32 SS-08 
 SS-07 SS-08 SS-22 
 SS-05 SS-03 SS-07 
 SS-21 SS-07 SS-19 
 SS-18 SS-14 SS-03 
 SS-03 SS-35 SS-21 
 SS-01 SS-21 SS-35 
 SS-24 SS-27 SS-18 
 SS-35 SS-39 SS-39 
 SS-39 SS-23 SS-05 
 SS-30 SS-15 SS-23 
 SS-23 SS-22 SS-30 
 SS-26 SS-31 SS-27 
 SS-06 SS-18 SS-31 
 SS-17 SS-17 SS-14 
 SS-36 SS-30 SS-17 
 SS-31 SS-09 SS-26 
 SS-19 SS-26 SS-15 
 SA-01 SS-10 SS-09 
 SS-34 SS-05 SS-10 
 SS-28 SS-28 SS-36 
 SS-27 SS-34 SS-34 
 SS-10 SS-36 SS-28 
 SS-09 SA-01 SA-01 
 SS-20 SS-13 SS-01 
 SS-15 SA-07 SS-06 
 SS-33 SS-33 SS-33 
 SA-02 SS-06 SS-13 
 SS-14 SS-01 SA-07 
 SS-13 SA-26 SA-26 
 SA-26 SS-25 SS-20 
 SS-12 SA-10 SS-25 
 SA-03 SS-12 SA-10 
 SA-10 SS-20 SS-12 
 SA-07 SA-04 SA-03 
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SS-25 SA-03 SA-04 
 SA-08 SA-05 SA-02 
 SA-04 SA-06 SA-05 
 SA-05 SA-08 SA-08 
 CG SA-02 SA-06 
 SA-06 CG CG 
Low SA-09 SA-09 SA-09 
 
4.3 Association among Leaf Salt Gland Ion Excretion Rates and Salinity 
Tolerance for Sporobolus spp. and Chloris gayana 
Salinity tolerance indicator of GC was positively correlated with leaf salt gland 
Na+ and Cl- excretion rates (r = 0.234 and 0.259 respectively) among 45 grass 
genotypes, while FW was positively correlated with leaf salt gland Cl- excretion rate 
(r = 0.186) (Table 3). However, the association between the variables were low.  
Moreover, there was a strong positive correlation between leaf salt gland Na+ 
and Cl- excretion rates (r = 0.808), and also had a positive moderate correlation 
between leaf salt gland Na+, Cl- excretion rates with the K+ excretion rate (r = 0.578 
and 0.478 respectively). 
 
Table 3: Correlation coefficients (r) among leaf salt gland ion excretion rates and 
salinity tolerance for 45 grass genotypes. 
  DW GC  Cl- Na+ K+ 
FW 0.973** 0.075 0.186* -0.050 0.097 
DW   -0.042 0.102 -0.137 0.052 
GC     0.259** 0.234** 0.010 
Cl-     
 
0.808** 0.478** 
Na+         0.578** 
** Correlation is significant at the 0.01 level (2-tailed). 
* Correlation is significant at the 0.05 level (2-tailed). 
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4.4 Sporobolus Species Leaf Surface Morphology and Salt Gland Distribution 
The leaves of both Sporobolus species had an uneven surface, ridged by the 
parallel arranged veins. SEM studies were shown that salt glands of the selected four 
genotypes (SS 5, SS 35, SA 4 and SA 7) on the adaxial surface have the basic bi-
cellular structure of the Chloridoid species which consists of a basal cell and cap cell. 
The glands are protrude and recumbent to the leaf surface.  
Apart from salt glands and stomata, other epidermal structures observed on 
Sporobolus spp. leaves were macro hairs, prickles and papillae. Prickles are unicellular 
trichomes with an expanded base and a pointed tip (Amarasinghe & Watson, 1988; 
McWhorter et al., 1993). Papillae are short, sphere-like projections of the epidermal 
cells. These three structures were only visible in abaxial surface of the leaves (Figure 
8: A and B) while in adaxial surface, they were absent (Figure 8: C and D).   
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Figure 8: Scanning electron micrographs of the leaf surfaces of Sporobolus species 
without NaCl treatment. 
A and B: Abaxial surface of SA 4; C: Adaxial leaf surface of SA 4; D: Adaxial leaf 
surface of SA 7. 
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4.5 Salt Gland Morphology 
The salt glands were seemed to be distributed randomly, because of their varied 
individual distances. They were longitudinally arranged in parallel rows atop 
intercostal regions of leaves adjacent to rows of stomata (Marcum, 2008). The 
orientation of all the glands on a given leaf surface was the same.  
The adaxial salt glands of all four genotypes were protruded from the leaf 
epidermis and appeared to be semi sunken with the basal cell totally imbedded into the 
leaf epidermis (Figure 9 and 10). Therefore, the comparison of salt gland dimensions 
between selected four genotypes of Sporoblous species were examined by measuring 
the width and length of the cap cell or the excreting cell. All four genotypes had almost 
similar length and width which may resemble globular in shape of the gland (Table 4). 
However, there was no significant difference for both the length and width of glands 
of the two genotypes of each species. Among the salt glands of two S. arabicus 
genotypes SA 7 was slightly larger than SA 4. There was a significant difference 
between the two tolerant genotypes (SS 35 and SA 4) and the two least tolerant 
genotypes (SS 5 and SA 7) for length and width of the salt gland respectively. 
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Figure 9: Salt glands on the adaxial leaf surfaces of Sporobolus spicatus without 
NaCl treatment. 
A and B: Adaxial salt glands of SS 35; C and D: Adaxial salt glands of SS 5. 
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Figure 10: Salt glands on the adaxial leaf surfaces of Sporobolus arabicus without 
NaCl treatment. 
A and B: Adaxial salt glands of SA 4; C and D: Adaxial salt glands of SA 7. 
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Table 4: Number and size of salt glands on the adaxial surface of leaves of four 
genotypes of Sporobolus spp. grown in non-saline conditions. 
 
 
Genotype 
 
Salt gland density  
Salt gland size 
Length (μm) Width of cap cell (μm) 
 SS 35 33.8a ± 2.37 11.2a ± 0.25 12.22a ± 0.66 
SS 5 26.4c ± 1.29 12.14ab ± 0.6 11.98a ± 0.73 
SA 4 11.6b ± 0.68 14.42bc ± 0.48 14.42ab ± 0.48 
SA 7 10.4b ± 0.24 15.76bc ± 1 15.9b ± 1.04 
* Mean difference is significant at the 0.05 level. 
 Values are means ± SE (n = 5).  
 
4.6 Salt Gland Density  
S. spicatus genotypes had higher SG density, approximately three times than 
those of S. arabicus, which possibly due to the differences observed in SG size (Table 
4; Figure 11). In both salt tolerant genotypes of SS 35 and SA 4 had higher SG density 
than that of least salt tolerant genotypes of SS 5 and SA 7. The two S. spicatus 
genotypes (SS 35 and SS 5) and the two least salt tolerant genotypes (SS 5 and SA 7) 
were significantly differed from each other. 
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Figure 11: Adaxial salt gland density of four genotypes of Sporobolus spp. grown 
under non-saline condition. 
Data are means ± SE from 30 micrographs (6 observations of 5 samples per genotype).  
The same letter above the bars indicates no significant difference in each surface (P < 
0.05). 
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4.7 Association among Leaf Salt Gland Ion Excretion Rates, Salt Gland Density 
and Salinity Tolerance for Selected Sporobolus Genotypes 
Salt gland ion excretion rates of four genotypes were shown in Table 5. Only 
Cl- excretion rate was significant among genotypes. There was no significant 
difference among two genotypes of same species (SS 5, SS 35 and SA 4, SA 7) for salt 
gland Cl- excretion rates.  
 
Table 5: Mean salt gland Cl-, Na+, K+ excretion rates of four genotypes of 
Sporobolus spp. used for the SEM observation. 
 
 
Genotype 
Ion excretion rates 
(mmol. g -1 leaf fresh wt. week) 
Cl- Na+ K+ 
SS 35 52.97ab 161.89a 3.75a 
SS 5 61.8 b 143.44a 3.48a 
SA 4 21.06a 104.47a 1.44a 
SA 7  27.17ab      130.4a 2.54a 
 * NS NS 
* Means in columns are significantly different (p < 0.05). 
NS. Not significant.  
 
 
There were no correlation between GC and salt gland ion excretion rates for 
the selected four genotypes (Table 6). Salt gland Cl- and K+ excretion rates, and GC 
were positively correlated with SG density (r = 0.745, 0.605 and 0.594 respectively) 
(at P<0.05). Moreover, there was a strong positive correlation between Na+, K+ 
excretion rates with the Cl- excretion rate (r = 0.810 and 0.861 respectively) and also 
between the Na+ and K+ excretion rates (r = 0.946). 
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Table 6: Correlation coefficients (r) among leaf salt gland density, salinity tolerance 
and ion excretion rates for selected four genotypes of Sporobolus spp. 
  FW GC  Cl- Na+ K+ 
SG  density 0.105 0.594* 0.745** 0.541 0.605* 
FW 
 
-0.155 0.287 -0.052 0.138 
GC  
  
0.197 0.209 0.138 
Cl- 
   
  0.810**   0.861** 
Na+ 
    
  0.946** 
* Correlation is significant at the 0.05 level (2-tailed). 
** Correlation is significant at the 0.01 level (2-tailed). 
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 Chapter 5: Discussion 
In this study, different aspects of leaf salt gland morphology, density and 
excretion rates were examined to predict the salinity tolerance among S. spicatus and 
S. arabicus genotypes.  
Salt glands in the Poaceae have observed modified leaf microhairs or trichomes 
with structural and functional adaptations for excluding saline ions from the plants 
through excretion. Functioning salt glands have been found only within the subfamily 
Chloridoideae (Amarasinghe & Watson, 1988; 1989). Salt glands of both Sporobolus 
species were present on both adaxial and abaxial leaf surfaces which also evident in 
several studies; for S. virginicus (Bell & O'Leary, 2003), S. arabicus (Hameed et al., 
2013) and S. spicatus (Ramadan, 2001). At the same time, many studies were observed 
salt glands on both abaxial and adaxial leaf surfaces of excreting species (Liphschitz 
& Waisel, 1974; Marcum, 1999). However, accumulation of more salt crystals was 
observed on the adaxial surface comparative to the abaxial surface of leaves. This 
suggests that only the glands present on the adaxial surface had functional salt glands 
for salt excretion. The presence of salt crystals on plants grown under saline conditions 
is indicative of active salt secretion by salt glands or bladders (Fahn, 1988).  
Halophytic species can adopt several mechanisms to tolerate high salt 
concentrations. Among such mechanisms, saline ion excretion is important for 
preventing toxic ions to accumulate or causing damage to the plant tissues. Density 
and salt excretion efficiency of salt glands are main responsible factors which govern 
this mechanism in addition to several other factors. Several studies reported that many 
species exude Na+ onto the leaf surface (Drennan & Pammenter, 1982); (Marcum et 
al., 1998; Naidoo & Naidoo, 1998) which is effective in reducing Na+ concentration 
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in plant tissues, for example Sporobulus spp. (Liphschitz & Waisel, 1974; Marcum & 
Murdoch, 1992). 
Salt gland ion excretion is an active, metabolically driven process and it is 
typically highly selective for Na+ and Cl- (Worku & Chapman, 1998), though other 
ions may be excreted in small amounts, such as K+, Ca2+, and Mg2+ (Liphschitz & 
Waisel, 1982; Marcum & Murdoch, 1990; Marcum & Murdoch, 1994; Naidoo & 
Naidoo, 1998). Flowers et al. (1990) attributed the ability of maintaining a high K:Na 
ratio in the leaves to the secretion of toxic ions from the leaves. SEM studies and EDS 
(Energy Dispersive Spectroscopy) maps for Zoysia matrella cultivars (Sheetal, 2011) 
indicated that the salt crystals on the adaxial surface were strictly localized around the 
salt glands of NaCl treated plants and confirmed that this is due to secretion of Na+ 
and Cl- ions by the adaxial salt glands. 
Overall, the current study showed that leaf salt gland Na+, Cl- excretion rates 
were positively correlated with salinity tolerance parameters GC and FW (Table 3), 
and selective salt gland secretion for Na+, Cl- over K+. This indicates that salt gland 
excretion efficiency is important in the process of saline ion regulation which resulted 
in salinity tolerance of this halophytic Chloridoid, Sporobolus species. Accordingly, 
we can suggest that SS 4, 8, 22, 24, 32, and SA 1, 7, 10, 26 were the most tolerant 
genotypes among all other studied genotypes, while SS 12, 13, 20, 25, 33 and SA 5, 6, 
8, 9 were the least tolerant genotypes. 
 In several studies, salt gland excretion rate effectively predicted salinity 
tolerance among divergent genera of Chloridoid grasses (Marcum, 1999), as well as 
among genotypes within a single genera, Zoysia (Marcum & Murdoch, 1994; Marcum 
et al., 1998), Distichlis (Marcum et al., 2007) and Cynodon (Marcum & Pessarakli, 
2006). These studies also showed similar results of salt tolerance parameters were 
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positively correlated with salt gland Na+ and Cl- excretion rates. The study by Marcum 
(2008) reported that the halophytic S. virginicus recorded 2104 and 2540 μmol ion. g-
1 leaf DW. week for leaf salt gland Cl- and Na+ excretion rates respectively, which 
were 35 and 38 times respectively higher than glycophytic Buchlon exposed to 200 
mM NaCl. 
A study by Marcum et al. (unpublished) observed that the highest percent green 
leaf canopy area (90%) for SS 9, 15, 17, 22, 24, 25, 28, 35, 36, 39 and the lowest in 
SS 5 (77.5%)  among S. spicatus genotypes that grown under 15,000 ppm salinity. SA 
1, 2 and 4 were the highest (90%) and SA 7 (60%) were the lowest among S. arabicus 
genotypes for GC under same salinity. Based on this study results, current study 
selected two genotypes of each species for SEM studies, which were the most tolerant 
(SS 35 and SA 4) and least tolerant (SS 5 and SA7). 
Marcum et al. (2003) revealed that leaf salt gland density is a highly heritable, 
not environmentally-induced trait. In his study, Zoysia genotypes were grown under 
saline and non- saline conditions and found that salt glands are not induced by salinity 
stress. Therefore, salt gland density on grasses grown in non-saline conditions can 
predict salinity tolerance as well as grasses grown under saline conditions. Based on 
this finding, current study was used leaf samples of Sporobolus spp. grown under non-
saline conditions for SEM observations. For both Sporobolus species, only the adaxial 
salt glands were more functional in salt secretion than the abaxial surface. Based on 
this observation, we determined the density of adaxial salt glands only.  
The current study observed that both Sporobolus species salt glands were a 
globular shaped epidermal structure with a protrude cap cell and an imbedded basal 
cell into the epidermis. Though the shape of the salt glands of both Sporobolus species 
were similar, the size of the salt glands were varies. S. arabicus salt gland size was 
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approximately two times larger than the size of S. spicatus. In the present study, salt 
gland morphology of Chloris gayana Kunth (CG) under control conditions was not 
studied. In a study by Takao (2014), observed that cap cell of the CG salt gland was 
globular in shape, its diameter approximately 15 μm and were located on lines, parallel 
to the veins. With comparison to Sporobolus genotypes, salt gland size of CG may 
approximately be the average size of two S. arabicus species (SA 4 and SA 7) (Table 
3). 
Salt glands distribution may adapt to excrete salts that are transported via the 
vessels from the root. However, the physiological significance of this distribution 
pattern is not known to date. There were more papillae and prickles observed on the 
abaxial surface and they were absent on the adaxial surface. These trichomes were 
presumed to provide protection for salt glands (Barhoumi et al., 2008) and stomata 
(Barhoumi et al., 2007), since these epidermal structures are important for plant 
survival when grown in saline soils. In addition, leaf surfaces of Sporobolus spp. have 
deep grooves or ridges which can be observed in several Poaceae plants having salt 
glands. Naidoo and Naidoo (1998) also observed similar observation in Sporobolus 
virginicus leaves. Somaru et al (2002) suggested that the salt glands of Odyssea 
paucinervis located within the grooves help to protect the salt glands.  
In this study, higher salt gland densities were observed in tolerant genotypes 
while relatively less salt gland densities were in least tolerant genotypes. Also 
approximately three times higher salt gland densities were recorded in S. spicatus than 
S. arabicus genotypes. Salt gland densities were ranged from 26 to 34, 10 to 12 mm-2 
for S. spicatus, S. arabicus genotypes respectively. Between S. spicatus tolerant 
genotype SS 35 had an adaxial salt gland density of 34 mm-2, which was significantly 
higher than the density for least tolerant genotype SS 5, 26 mm-2 (Table 4). However, 
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two S. arabicus genotypes were not significantly differed among each other (SA 4 = 
12 mm-2, SA 7 = 10 mm-2) and had a very low range of density. According to the study 
by Takao (2014), salt gland density of Chloris gayana under control conditions was 
14 mm-2. CG had higher density than S. arabicus and very lower density than S. 
spicatus with comparison to present study results of salt gland densities.  
Although the effect from the salt treatment on salt gland density has not been 
reported previously for the studied Sporobolus species, it has certainly been observed 
for some other Chloridoid grasses. In contrast to the finding by Marcum et al. (2003) 
for Zoysia grasses; O. paucinervis, Aeluropus littoralis and Z. matrella grasses showed 
increase in gland density after applying the salt treatment (Somaru et al., 2002; 
Barhoumi et al., 2007; Sheetal, 2011).  
The study by Marcum and Murdoch (Marcum & Murdoch, 1990) involving 
two Zoysia species, reported that the species that was more salt tolerant had larger salt 
glands than the less salt tolerant species. Current study was shown that S. spicatus had 
higher SG density which indicating higher salt tolerance among other two species.  
Finally, association among studied parameters were determined to predict 
salinity tolerance among four selected Sporobolus genotypes. Accordingly, there were 
no correlation between GC and ion excretion rates at 15,000 ppm (Table 6). At this 
salinity level, grasses did not suffer much from the salinity stress as evidenced by very 
low variation shown in GC for salinity tolerance among studied Sporobolus genotypes 
(Marcum et al., unpublished). This result was supported as the selected least tolerant 
two genotypes were recorded higher Na+ and Cl- excretion rates, and were among the 
group of tolerant genotypes in overall ranking (Table 2). Based on this facts, current 
study can suggest that GC was not effective in predicting salinity tolerance at 15,000 
ppm salinity. Further studies could be investigated by increasing number of genotypes 
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of each Sporobolus species to create more variation for salinity tolerance. 
Simultaneously, it is important to increase salinity gradually, and measure salt gland 
excretion rates and salinity tolerance parameters at different higher salinity treatment 
levels. After that, considering the association among parameters would able to select 
the most suitable salinity treatment which can predict the salinity tolerance more 
effectively.  
 In this study, the selected four genotypes for SEM studies were strongly 
correlated among ion excretion rates and equally effective in predicting salinity 
tolerance (Table 6). Furthermore, salt gland density, though positively correlated with 
salinity tolerance (GC) and ion excretion rates (Cl- and K+), were only moderately 
effective in predicting salinity tolerance. This findings also supported by the 
aforementioned results (very low variation shown in GC for salinity tolerance). Similar 
positive correlations were reported for Na+ and Cl- excretion rates to leaf salt gland 
density and salinity tolerance among 57 Zoysia grasses species (Marcum & Murdoch, 
1990; Marcum et al., 1998). 
Current study results in conjunction with previous studies, suggest that salt 
gland density for any given species can vary with the genotype being studied and salt 
tolerance for a given plant species is not solely governed by salt gland density, however 
salt gland density is important as a potential trait for determining salinity tolerance. 
Finally, based on our findings including SEM studies, SS 35 which was considered as 
a salt tolerant genotype can be reconfirmed that it is one of salt tolerant genotype 
among other studied tolerant genotypes. Although SA 1 was a tolerant genotype 
among S. arabicus genotypes, based on excretion data and salt tolerance data, need to 
observe its salt gland morphology and density to reconfirm the result. 
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Chapter 6: Conclusion 
In this study, we examined the morphology of the bi-cellular salt glands of 
Sporobolus species which differed in their degree of salt tolerance. Salt gland density, 
Na+, K+ and Cl- excretion rates were determined, in order to investigate if leaf salt 
gland excretion rates, salt gland density or morphology can effectively predict salinity 
tolerance among Sporobolus species genotypes. Overall, considering the results of this 
study, the following general conclusions and recommendations can be drawn. 
Functional salt glands were observed on the adaxial leaf surfaces which 
indicated by highly accumulated salt crystals at 15,000 ppm salinity. Both leaf salt 
gland Na+, Cl- excretion rates were positively correlated with salinity tolerance (GC), 
very highly correlated between each other, and moderately correlated with K+ 
excretion rate. Moreover, S. spicatus genotypes had higher ion excretion rates than S. 
arabicus genotypes followed by Chloris gayana. 
 Both Sporobolus species had protrude, globular shaped and semi-sunken salt 
glands. They were longitudinally arranged in parallel rows atop intercostal regions and 
adjacent to rows of stomata. Morphological differences in salt gland structures were 
found that it could play a key role in the salt tolerance of this species. The selected salt 
tolerant genotypes for SEM studies, had high salt gland density and larger gland size 
than the selected least tolerant genotypes. Larger size of salt glands were observed in 
S. arabicus than S. spicatus. Also, the selected two S. spicatus genotypes (SS 35 and 
SS 5) were significantly differed from each other for salt gland density. Moreover, ion 
excretion rates were strongly correlated among each other and equally effective in 
predicting salinity tolerance. Salt gland density, though positively correlated with 
salinity tolerance (GC) and ion excretion rates (Cl- and K+), were only moderately 
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effective in predicting salinity tolerance. SEM study results in conjunction with ion 
excretion activity, confirmed that SS 35 was one of the most salt tolerant genotype 
among the all other tolerant genotypes that we studied. On the other hand, Chloris 
gayana was a relatively least salinity tolerant species in comparison to Sporobolus 
species since they outcompete for salinity tolerance.  
Current study suggested that salt gland excretion is an important salinity 
tolerance mechanism for two Sporobolus spp. and it can effectively predict salinity 
tolerance among them. Also salt gland density is important as a potential trait for 
determining salinity tolerance. Overall, SS 4 and SS 24 were superior and the most 
tolerant, and the SA 9 and CG were the least tolerant to salinity stress among the 
studied 45 genotypes of the three species. Generally, among the two Sporobolus spp. 
genotypes, SS 3, 4, 5, 7, 8, 18, 19, 21, 22, 24, 32, 35, 39 and SA 1, 3, 7, 10, 26 were 
shown superiority under salinity stress conditions and these genotypes may be 
recommended for use as salt tolerant fodder grasses alternative to the current Rhodes 
grass fodder farming system. 
Further studies could involve increasing number of genotypes of Sporobolus 
species to increase variation for salinity tolerance. Also need to screen grasses beyond 
15,000 ppm up to the highest salinity that grasses could survive. Certain higher salinity 
levels can be used to select the most suitable salinity treatment which can predict the 
salinity tolerance more effectively and examine for salt gland activity. In addition, it 
is important to link morphological features of bi-cellular glands with both 
physiological and genetic phenomena to better understanding salt-excretion 
mechanisms. Furthermore, current study is recommended to observe ultrastructure of 
the salt gland in Sporobolus spp. in order to investigate the structure-function 
   47 
  
 
 
 
relationship (salt excretion mechanism) of salt glands through morphological 
differences. In addition, salt gland size, morphology and density need to be 
investigated under different saline conditions with comparison to non-saline 
conditions. Also it is important to determine whether salt gland density increases in 
response to salt treatment and to examine ultrastructural and morphological 
modifications in response to induced salinity stress. In addition, the duration of salt 
treatment can have a meaningful effect on the salt gland density. Long term salinity 
treatments allow the plants with more time for producing new leaves and to mature 
them with competing the salinity stress. 
To date, relatively little progress has been made in breeding for improved 
salinity tolerance in cultivated fodder grasses in UAE. Therefore, salt gland excretion 
and morphological information gained from this study could be used as the basis for 
future investigations, and will be important to understand primary salinity tolerance 
mechanism in UAE native halophytic grass. Use of salt gland density which represents 
a simple morphological trait can be used as a selection tool for the screening procedure 
in plant breeding to expedite selection of salt tolerant grasses for fodder and turf grass 
production. Subsequently, UAE native halophytic grass species are being sought to 
promote sustainable bio-saline agricultural production in UAE.  
Moreover, Sporobolus is known for high salt tolerance since its many species 
known to thrive in saline habitats which provide excellent materials for investigating 
the salinity tolerance mechanisms for higher concentrations of salt levels. Researchers 
in UAE are currently selecting these native Arabian halophytic grasses for fodder 
production. In addition to this usage, these grasses could be used to evaluate for turf 
growth characteristics and high salinity tolerance in areas like golf courses and lawns. 
This will be important for conserving potable water resources by replacing recycled 
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water (usually which containing high Na+ concentrations) to maintain turf.  Also these 
grasses can be used for soil reclamation as they offering great potential for land 
stabilization in highly saline areas.   
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